Objective: The aim of this study was to investigate the effect of neoadjuvant chemotherapy (NAC) on the human squamous cervical cancer using proteomics profiling and to obtain related proteins to NAC exposure and response. Methods: Paired samples of early-stage bulky squamous cervical cancer before and after NAC treatment from patients who responded to NAC were obtained and submitted to 2-dimensional gel electrophoresis and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MS). The expression and localization of the interesting proteins in additional paired samples were confirmed by Western blot analysis and immunohistochemistry. Results: The comparison of the proteins present before and after NAC revealed that 116 protein spots were significantly changed. In all, 31 proteins were analyzed by MS, and 15 proteins were upregulated in the cancer tissue after NAC relative to the level before NAC, whereas 16 proteins were downregulated after NAC. The significantly higher expression of peroxiredoxin 1 and significantly lower expression of galectin 1 after NAC treatment were confirmed by Western blot. Conclusions: Proteomics can be used to identify the NAC-related proteins in squamous cervical cancer. The change in proteins may be associated with NAC exposure and response, but insight into their relevance requires further study.
Introduction
Uterine cervical cancer is the second most common cancer in women. According to the staging system of the International Federation of Gynecology and Obstetrics (FIGO), the 5-year survival rate for patients with stage IB1 cervical cancer exceeds 90%. In contrast, patients with bulky (>4 cm in diameter) stage IB-IIA disease have poor local control and/or distant failures and a low survival rate than those with a tumor of 4 cm or smaller, regardless of the treatment regimen. 1 Neoadjuvant chemotherapy (NAC) prior to surgery or radiotherapy has been applied as a new therapeutic strategy for earlystage bulky or locally advanced cervical cancer. The NAC can decrease the surgical stage of the cancer and increase the rates of radical hysterectomy and long-term tumor-free survival. 2, 3 Its main advantages are the potential elimination of micrometastases, shrinkage of the primary tumor to achieve radical operability, and surgical downstaging of patients. 4 However, NAC is not effective in all patients, and using NAC may delay the radical surgery or the use of radiation therapy past the optimal time frame in patients who do not respond to NAC. Therefore, there is an urgent need to develop markers that can identify patients who would benefit from NAC.
Currently, there is a growing body of evidence revealing the great potential of proteomics technology in the analysis of the response and resistance of tumor cells to cytotoxic drugs. 5, 6 Therefore, this study plans to explore the effect of NAC in the human squamous cervical cancer using proteomics profiling. Additionally, the expression and localization of the interesting proteins in additional paired samples before and after NAC were confirmed by means of Western blot and immunohistochemistry. The information obtained should be important for us to have a better understanding of the chemotherapeutic effects of NAC and possibly help to discover the mechanism of NAC treatment and response in patients with squamous cervical cancer.
Materials and Methods

Patients and Tissue Specimens
Women with previously untreated bulky stage IB-IIA cervical cancers (primary tumor >4 cm in diameter) who had histologically confirmed invasive cervical cancer and received NAC and radical hysterectomy between January 2007 and July 2009 were selected for this study. The lesions in nonpregnant patients who had normal bone marrow, liver, and kidney function were measured by physical examination, transvaginal ultrasound, and magnetic resonance imaging (MRI). The histological classification was based on the criteria of the World Health Organization (WHO), and the clinical staging was based on the criteria of the FIGO. A total of 16 patients, 9 with FIGO stage IB and 7 with stage IIA, were included in this analysis. The mean age of the patients at diagnosis was 41.6 years (range, 33-57 years). We obtained approval from the local research ethics committees, and all the patients provided written informed consent for voluntary participation before any procedures were performed. The trial protocol met the standards of the Declaration of Helsinki.
Neoadjuvant Chemotherapy and Therapeutic Effect Evaluation
All the patients received 1 or 2 courses of NAC (uterine artery injection of cisplatin 60 mg/m 2 þ 5-fluorouracil 750 mg/m 2 þ mitomycin C 8 mg/m 2 ). The assessment of how the tumors respond to the treatment has been traditionally performed by measuring the tumor's 2 dimensions (the longest diameter and its perpendicular diameter) using transvaginal ultrasound or by MRI. The chemotherapeutic response was scored 2 weeks after the last course, according to the WHO criteria, as follows: complete resolution (CR) of the tumor; partial response (PR), >50% decrease in the tumor volume; stable disease (SD), <50% decrease or a <25% increase in the tumor volume; and progressive disease (PD), >25% increase in the tumor volume. The NAC responders include the patients with a CR or a PR, whereas the non-NAC responders were the patients with SD or PD. All the patients in the present study were NAC responders and underwent radical hysterectomy and bilateral pelvic lymphadenectomy 2 to 3 weeks after completion of the NAC regimen.
Specimen Collection
Cancer tissues before and after NAC were obtained by cervical biopsy and during surgery. All the samples were carefully examined, and the cytological and histological results were confirmed by a senior pathologist, who confirmed that the cancer specimens contained more than 80% of cancer cells. Six paired cases were selected for the 2-dimensional gel electrophoresis and matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF-MS). The other 10 pairs of tissues were selected to confirm the expression and localization of the interesting proteins using Western blot analysis and immunohistochemistry.
Instrumentation and Chemicals
Urea, tris(hydroxymethyl) aminomethane (Tris), and EDTA were obtained from Gibco BRL (Grand Island, New York). The 18-cm nonlinear immobilized pH gradients (IPGs) strips of pH 3 to 10, IPG buffer, mineral oil, and silver-staining PlusOne kits were obtained from Amersham Pharmacia (Piscataway, New Jersey). Acrylamide, sodium dodecylsulfate (SDS), bromophenol blue, tetramethylethylenediamine, and N,N 0 -methylene bisacrylamide were purchased from Sigma (St Louis, Missouri). Dithiothreitol (DTT), a-cyano-4-hydroxycinnamic acid (CCA), trifluoroacetic acid, iodoacetamide (IAM), and tolylsulfonyl phenylalanyl chloromethyl ketone-trypsin were acquired from Promega (Madison, Wisconsin). The protease inhibitor (phenylmethanesulfonylfluoride [PMSF]) was from Shenzhen Cy-tech Biotech Co Ltd (China). 3-[(3-Cholamidopropyl)-dimethylammonio]-1-propane sulfonate (CHAPS) was from Calbiochem (La Jolla, California). Mouse anti-human peroxiredoxin 1 antibody was from Abcam (Cambridge, Massachusetts). Mouse anti-human galectin 1 and b-actin monoclonal antibodies were from Santa Cruz, California. Enhanced chemiluminescence (ECL) reagents were from Beyotime (China). Polyvinylidene fluoride (PVDF) membranes were from Bio-Rad (Hercules, California). All the solutions were prepared with Milli-Q water (MilliPore, Billerica, Massachusetts).
Sample Preparation for Protein Extraction
The tissues, each weighing approximately 50 mg, were cut with scissors and ground into powder in liquid nitrogen. Then, buffer (8 mol/L urea, 4% CHAPS, 10 mmol/L DTT, 0.5% ampholyte [pH 3-10 nonlinear], 1 mmol/L PMSF, 2 mmol/L EDTA, 40 mmol/L Tris-HCL, and pH 8.5) was added at 1 mL/100 mg to the tissue. The homogenate was then sonicated in an ice bath for 5 minutes. After incubation in an ice bath for 20 minutes, the lysates were centrifuged for 30 minutes (40 000 rpm, 4 C), and the protein content of the supernatant was measured using a modified Bradford method. The remaining supernatant was frozen at À80 C.
Two-Dimensional Electrophoresis
The method for the extraction of the proteins from cancer tissues for the 2-dimensional electrophoresis analysis was based on our previous study. 7 In brief, the isoelectric focusing procedure used 18 cm strips at 20 C. The strips were rehydrated at 0 V for 4 hours and at 50 V for 8 hours. Then, isoelectric focusing was performed in gradient mode using an IPGphor (Amersham, Piscataway, New Jersey). The samples were first focused for 3 hours at 3 separate voltages, 500, 1000, and 8000 V, and then kept at 8000 V until a total of 50 kV for 1 hour was reached. The strips with the focused proteins were subsequently treated with DTT and IAM in equilibrated buffer containing 6 mol/L urea, 20% glycerol, 2% SDS, and 1.5 mol/L Tris-HCl, pH 8.8. The equilibrated strips were placed in 12% polyacrylamide gels, and SDSpolyacrylamide gel electrophoresis (PAGE) was carried out at 2.5 W/gel for 30 minutes and 15 W/gel using an Ettan DALT II (Amersham, Piscataway, New Jersey) until the bromophenol blue dye reached the bottom of the gel. The 2-dimensional electrophoresis spots were visualized by silver staining. The stained gels were scanned using an Amersham ImageScanner (Amersham Biosciences, Piscataway, New Jersey), and the tagged image file format images were imported into Amersham Image-Master Platinum for analysis.
Protein Identification by MALDI-TOF-MS
Spots that differed between the samples before and after chemotherapy were excised from the gel with a razor blade and placed in Eppendorf tubes. The gel particles were reduced with DTT and alkylated with IAM and then washed, dried, and incubated in 25 mmol/L NH 4 HCO 3 , 50% acetonitrile (ACN), and 100% ACN, respectively. The tryptic digests were cocrystallized with a matrix of CCA and spotted into the target wells. The peptide mass fingerprinting signals were obtained in the reflectron mode, with the m/z range from 600 to 4000. The MS/MS data were exported in a suitable format and used in a database (NCBInr) search with the MASCOT program (Matrix Science, London, United Kingdom). A mass accuracy tolerance of 100 ppm was used.
Western Blot
The tissue samples were lysed as described above for the 2dimensional electrophoresis, and aliquots of the protein extracts (50 mg) were subjected to 12% SDS-PAGE at 100 V until the bromophenol blue dye reached the bottom of the gels. The proteins were then electrotransferred onto PVDF membranes at 300 mA for 1 hour. The membranes were blocked for 2 hours with 10% skim milk in Tris-buffered saline (TBS) at room temperature and incubated with 1:300 mouse anti-human peroxiredoxin 1 monoclonal antibody, 1:500 mouse anti-human galectin 1 monoclonal antibody, or 1:1000 mouse anti-human b-actin monoclonal antibody at 4 C overnight. The membranes were rinsed and incubated with a horseradish peroxidase-conjugated goat anti-mouse secondary antibody (1:5000). The peroxidase activity was visualized using ECL reagents according to the manufacturer's instructions. The blots were reprobed using anti-b-actin antibody as control for equal protein loading. The films were scanned using a GS-800 scanner (Bio-Rad, Hercules, California), and Quantity One software (Bio-Rad, Hercules, California) was used to analyze the band pixel values and the net pixel values of peroxiredoxin 1 and galectin 1. The relative expression levels of the proteins were evaluated using the net pixel value/b-actin net pixel value.
Immunohistochemistry
Paraffin-embedded sections (4 mm) were cut and mounted on 2% silanized slices, dried, dewaxed, rehydrated, and washed with phosphate-buffered saline. The slides were placed in 80 mL plastic jars containing citrate buffer and repeatedly heated in a commercial microwave oven (25 minutes at 750 W). The tissue slices were incubated for 15 minutes in 0.3% hydrogen peroxide in methanol to suppress the endogenous peroxidase activity and then incubated with nonimmune serum for 15 minutes to prevent nonspecific binding. After incubation overnight at 4 C with either 1:100 mouse anti-human peroxiredoxin 1 antibody or 1:200 mouse anti-human galectin 1 monoclonal antibody, the samples were incubated with a biotinylated goat anti-mouse antibody as the secondary antibody for 30 minutes at room temperature. The samples were exposed to streptavidin peroxidase as a label for 20 minutes and to diaminobenzidine, a chromogen, for 10 minutes. The sections were counterstained with Mayer hematoxylin to enhance the nuclear detection, dehydrated, and mounted in distrene dibutylphthalate xylene. Appropriate positive and negative control slides were stained in parallel.
Evaluation of Immunoreactivity
Peroxiredoxin 1 and galectin 1 immunoreactivity were observed in the cytoplasm. Positive cells were recognized as cells that showed yellowish brown. All counting was done by 2 observers (XWZ and XQZ), without any knowledge of the diagnosis and results of each other's observations. All immunopositive cells were counted in at least 10 high-power fields (Â40 objective, Â10 eyepiece) chosen at random. The number of positive cell was given as a percentage for each case. Extent of immunostaining (based on the percentage of positive cells) was scored as 0 (0-5%), 1 point (6%-24%), 2 points (25%-49%), 3 points (50%-74%), and 4 points (75%-100%). Staining intensity was graded as 0 (negative), 1 point (weak), 2 points (moderate), and 3 points (strong). The immunohistochemical staining for peroxiredoxin 1 or galectin 1 was assessed according to the immunoreactive score (IRS) value by multiplying the individual scores of extent by intensity.
Statistical Analyses
Student t test was used to identify the proteins whose expression levels changed significantly as determined by 2-dimensional electrophoresis and immunohistochemistry. The Wilcoxon test was applied to the comparison of the expression of the peroxiredoxin 1 and galectin 1 proteins detected by Western blot between the samples before and after NAC, because the data exhibited a non-normal distribution. A P value less than .05 was accepted as significant. SPSS 13.0 was used for the statistical analysis.
Results
Two-Dimensional Electrophoresis Maps of Cervical Cancer Tissues Before and After NAC
All the experiments were performed in triplicate, and wellresolved and reproducible 2-dimensional electrophoresis patterns were obtained (Figure 1 ).
Using ImageMaster software, the comparison of the 2dimensional electrophoresis patterns between before and after NAC revealed 116 proteins exhibiting a consistent, more than 3-fold difference in the level of expression; 54 protein spots increased in intensity, and 62 protein spots decreased in intensity in the tissue after NAC relative to the intensities before chemotherapy.
Identification of Differentially Expressed Proteins Before and After NAC in Cervical Cancer by MS
A total of 31 differential proteins were successfully identified by MALDI-TOF/TOF MS, including 15 proteins that were upregulated and 16 proteins that were downregulated with NAC relative to the levels present before the chemotherapy. The functions of the differentially expressed proteins were predominantly related to cell proliferation and metabolism, tumor progression, chemoresistance, transcription, transport, cellular structural component, and DNA repair; some of the proteins have unknown functions. The accession numbers in Swiss-Prot, the theoretical molecular mass and isoelectric point (pI), the sequence coverage, and functions are presented in Tables 1 and 2. As shown in Table 1 , there is a substantial number of upregulated proteins that are implicated in the mechanisms of chemoresistance (annexin A2, MutS homolog 2 protein, peroxiredoxin 1, and human pyruvate kinase M2) and tumorigenesis (transthyretin, Tbx3, vasodilator-stimulated phosphoprotein, and a-1 antitrypsin). Several proteins involved in the regulation of protein transport (RAB7B and KIF21A variant) or cellular structure (centrosomal protein 290 kDa and mutant desmin) were also found. Table 2 shows a list of selected proteins that were downregulated after NAC in the tumors, including proteins that participate in the process of drug action in vivo either directly or indirectly. We also found that some proteins were associated with chemoresistance (galectin 1, tumor protein p53 mutant, heat shock protein 27, MRP 4, and peroxiredoxin 6) and the regulation of protein transport (albumin, PRO2044, FLOT1, and transferrin). Several proteins involved in cell proliferation (cyclin-dependent kinase 2, and putative double homeobox protein 2) were identified.
The Change in Peroxiredoxin 1 and Galectin 1 Expression Before and After NAC Confirmed by Western Blot
Western blot was used to confirm the expression levels of peroxiredoxin 1 and galectin 1 in 10 pairs of cervical cancer specimens collected before and after NAC (representative of paired specimens were shown in Figure 2 ). Equal protein loading was verified by parallel b-actin immunoblotting, and signal quantification was performed using densitometry scanning.
Relative to the expression before chemotherapy, the expression of peroxiredoxin 1 was significantly higher (P < .05), whereas the expression of galectin 1 was significantly lower after NAC (P < .05; pooled data were shown in Table 3 ).
Expression and Localization of Peroxiredoxin 1 and Galectin 1 in Cervical Cancer Before and After NAC by Immunohistochemistry
In all the specimens, peroxiredoxin 1 expression was detected in the cytoplasm of cervical cancer cells, whereas galectin 1 expression was detected in the cytoplasm of stromal cells, not in the cancer cells.
The expression of peroxiredoxin 1 was statistically higher after NAC in comparison with that before NAC, while the expression of galectin 1 was significantly lower after NAC (P < .05; pooled data were shown in Table 4 , representative of paired specimens was shown in Figure 3 ).
Discussion
The NAC is defined as the use of chemotherapy to treat the bulky stage IB-IIA and locally advanced cervical cancer (stages IIB-IV) before surgery or radiotherapy. 19 Screening and validating differential proteins between before and after NAC treatment who responded to NAC would find the related proteins to NAC exposure and response and improve our understanding of the mechanisms of chemotherapeutic effects of NAC and provide the thread to treat cervical cancer effectively. In the past, research at the protein level was hampered by the complexity of the proteome. Rapid development of the proteomic technologies integrated with advanced bioinformatics tools has changed the situation in recent years and allows the comparison of thousands of proteins simultaneously.
In the present study, using 2-dimensional electrophoresis analysis, 116 protein spots were significantly changed when comparison of the proteins between before and after NAC. In all 31 proteins were identified by MALDI-TOF-MS, and 15 proteins were upregulated after NAC, whereas 16 proteins were downregulated, which belong to various families with different functions. Rather than comparing the histological variants from randomly selected tissue samples of different patients, we chose paired cancer samples from the same patient before and after NAC to study the proteomic changes taking place at the most basic level, thus avoiding any potential confounders due to individual genetic variations. It was demonstrated that the proteomic approach was effective for screening differentially expressed proteins in cervical cancer tissues before and after chemotherapy.
In the second part of the study, we performed Western blot and immunohistochemical analysis to confirm the prevalence of some of the proteins selected through 2-dimensional electrophoresis. Further studies are needed to verify the rest of the differentially expressed proteins. The main outcome of the present survey is the discovery of the dramatically increased expression of peroxiredoxin 1 and reduced expression of galectin 1 after NAC in all 16 squamous cervical cancer tissues. The consistency and magnitude of peroxiredoxin 1 and galectin 1 change after NAC raise the possibility that these proteins are associated with NAC exposure and play a role in NAC response.
Peroxiredoxins comprise a novel group of proteins with efficient antioxidant capacity. There are 6 isoforms in humans, and peroxiredoxin 1 is an important member of this family of 25-kDa peroxidases that can reduce H 2 O 2 using an electron from thioredoxin or other substances. The expression of peroxiredoxin 1 has been found to be elevated in several human cancer cells and tissues, such as breast, esophageal, and lung cancers, and has been implicated in diverse cellular processes, including cell survival, proliferation, apoptosis, chemotherapy, and radiotherapy resistance. 8, 20 Elevated peroxiredoxin 1 expression was implicated in the chemotherapy resistance of breast cancer and in the radiotherapy resistance of lung cancer cells. Accordingly, the downregulation of peroxiredoxin 1 was shown to enhance the radiosensitivity of lung cancer and intestinal cancer cells. 20, 21 Cisplatin-induced oxidative damage evokes peroxiredoxin 1 expression thus increasing cellular protection by preventing oxidative damage. In a proteomic investigation into neuroblastoma cell lines, Urbani et al 8 observed the overexpression of peroxiredoxin 1 in chemoresistant cells, possibly indicating that peroxiredoxin 1 is a chemoresistance protein. Ma et al 22 observed that peroxiredoxin 1-deficient mice showed an increased sensitivity to cisplatin-induced cell apoptosis. Butzke et al 23 observed the knockdown of peroxiredoxin 1-sensitized HeLa cells to Aplysia punctata ink toxin-induced cell death. To our knowledge, this is the first report of the relationship between peroxiredoxin 1 and NAC treatment in squamous cervical cancer. We found that an upregulation of peroxiredoxin 1 after NAC treatment in squamous cervical cancer, which suggests peroxiredoxin 1 is associated with NAC exposure and may play a role in NAC response. Galectin 1 is an important member of the b-galactosidebinding galectin protein family. Its expression has been reported in thyroid, colon, glioma, and ovarian cancer tissues, and this protein is involved in the transformation, apoptosis, and migration of cancer cells. 24 Kohrenhagen et al 25 observed that the expression of galectin 1 is associated with the progression of squamous cervical cancer. Galectin 1 is predominantly expressed in the cytoplasm of benign tissue and in the stromal cells of malignant tumors. Its expression in the stromal cells of malignant tumors is closely correlated with the aggressiveness of tumors and the acquisition of the metastatic phenotype. Recently, Kim et al 26 revealed that high galectin 1 expression in peritumoral stroma was significantly correlated with the depth of invasion in stage IB-IIA cervical cancer and lymph node metastasis of cervical cancer, and that galectin 1 may be functionally involved in cell proliferation and invasion. In the present study, galectin 1 expression was also detected only in the stromal cells in cervical cancer by immunohistochemistry either before or after NAC.
Galectin 1 mediates the radioresistance of cervical cancer cells through H-Ras-dependent pathways involved in DNA damage repair. 27 Targeting galectin 1 may be considered a radiosensitizing therapy for cancer. Puchades et al 28 found that galectin 1 was significantly downregulated when cells were treated with wildtype TP53 and the cytotoxic chemotherapeutic SN38 relative to the level in untreated glioblastoma cell lines. Decreasing galectin suggesting that the antiproliferative activity of the drug against cervical cancer might be related to its direct or indirect interaction with galectin 1.
In summary, our novel application of proteomic technique has identified a few known proteins associated with NAC exposure in patients with squamous cervical cancer. Our data point to the possible importance of 2 of these proteins, peroxiredoxin 1 and galectin 1, which may play roles in NAC response. Further studies are necessary to investigate the relationship between their expressions and NAC exposure, to evaluate their expression in NAC-sensitive cervical cancer and in NAC-resistant cervical cancer, and to understand their role in predicting cisplatin-based NAC treatment response. Moreover, detailed investigation of the functional role of the molecular targets identified in this study would improve our understanding of the chemotherapeutic effects of NAC and, in the long run, may lead to a more effective chemotherapeutic treatment of this most common cancer.
